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Figure S1. Formation of a stable complex of Dnmt3a-3L. a, Schematic 

representation of the primary structures of Dnmt3a and Dnmt3L. Mouse Dnmt3a2 lacks 

219 amino acids that are part of full-length Dnmt3a. b, SDS-PAGE gels of the purified 

recombinant proteins used in this study. c, The methyl transfer activities of Dnmt3a2 

proteins (lane 1), Dnmt3a2/Dnmt3L complex (lane 2), and Dnmt3a-C/Dnmt3L-C complex 

(lane 3), using substrate (GAC)12 oligonucleotides. d, The Dnmt3a-C-Dnmt3L-C complex 

requires at least 8 base pairs on either side of single CpG for substantial activity. 
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Figure S2. Dnmt3L F261A mutation disrupted the homo-dimer and Dnmt3a2 F728A 

mutation disrupted the homo-oligomer to become a dimer. a, Elution profiles of 

Dnmt3L (black) and the mutant F261A (red) from a Sephacryl S-300 GL gel-filtration 

column (Amersham-Pharmacia). The buffer used was 20 mM Tris-HCl, pH 8.5, 250 mM 

NaCl, 5 % glycerol, and 0.1 % !-mercaptoethanol. The loading sample was 1.5 ml of 

estimated protein concentration of 0.47 mg/ml (WT) or 0.5 mg/ml (F261A). b, Dnmt3L 

F261A substitution at the homo-dimer interface abolishes the ability of Dnmt3L to 

dimerize. The mutant protein crystallizes in the space group P212121 (a=110 Å, b=111 Å, 

and c=284 Å), under the conditions of 50 mM imidiazole (pH 8.0), 8-10% PEG 8000, 200 

mM Ca acetate, and 5-10% glycerol at 16 °C. The structure was solved by molecular 

replacement using the wild-type Dnmt3L monomer (PDB 2PV0) as the initial searching 

model at the resolution range of 35-3.69 Å (173,492 observed reflections, 35,258 unique 

reflections, 94% completeness, R-merge=0.085, <I/">=17); resulting in initial R-factor 

and R-free values of 0.31 and 0.33. c, Elution profiles of Dnmt3a2 (black) and the mutant 

F728A (red) from a Superdex 200 10/300 GL gel-filtration column (Amersham-

Pharmacia). The buffer used was 20 mM Hepes, pH 7.0, 500 mM NaCl, 5 % glycerol, 

and 0.1 % !-mercaptoethanol. The loading sample was 200 µl of estimated protein 

concentration of 2 mg/ml. d, SDS-Page gels showing Dnmt3a2 (top panel) and F728A 

(lower penal) proteins (each lane contained 20 µl of a 1 ml fraction). 
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Figure S3. The 3a-3L interface may contribute to the stability of cofactor binding 

as well as the active-site loop conformation. a, The Dnmt3a-C is shown in green, 
Dnmt3L-C in cyan, and the active-site loop of Dnmt3a in magenta. AdoHcy (yellow) and 
residues involved in interactions are in stick models, and the corresponding ICF 
mutations in human DNMT3B are in red (see Supplementary Fig. S4). The flipped target 
Cyt of a docked DNA (adopted from HhaI-DNA complex1) - root-mean-square deviation 
of 2.3 Å comparing 220 pairs of C! atoms by DALI or 0.8 Å by manually alignment of 53 
pairs of C! atoms forming the central seven " strands - is located in between the 
nucleophile Cys706 and AdoHcy where a transferable methyl group was modeled onto 
the sulfur atom of AdoHcy. The nucleophilic attack on Cyt carbon-5 by Cys706 and the 
methyltransfer would occur from the opposite direction, perpendicular to Cyt ring surface. 
b, Distribution of human ICF mutations on DNMT3B. Point mutations in human DNMT3B 
are responsible for a human disorder called ICF (immunodeficiency, centromere 
instability, and facial anomalies) syndrome, that results in death before adulthood2, 3. 
Most ICF mutations cluster in the C-terminal catalytic domain of DNMT3B, the amino 
acid sequence of which is 80% identical to that of Dnmt3a (including at ICF mutation 
residues; see Supplementary Fig. S4) with no gaps or insertion between the two 
sequences. We assume the DNMT3B monomer will have a similar structure to that of 
Dnmt3a. The ICF point mutations are shown in red, with DNMT3B residue numbers in 
parenthesis. ICF mutations reduce the enzymatic activity of DNMT3B in several 
alternative ways: affecting overall stability (V699G, V726G, and A766P), altering 
conformation of the active-site loop (G663S, L664T), impairing interaction with the 
methyl donor AdoMet (A585V, V606A, and A603T), affecting the proposed 3b-3b 
interface (analogous to the 3a-3a interface; V818M, D817G, and H814R), or impairing its 
proposed interaction with DNA (R823G). Interestingly, no ICF mutation is located in the 
proposed interface between Dnmt3b and Dnmt3L, suggesting that such mutations are 
lethal or, more likely, that Dnmt3b and Dnmt3L have non-overlapping functions. The 
latter possibility is consistent with the in vivo phenotypes of the respective knockouts4, 
and the lack of an effect on target methylation when DNMT3L and DNMT3B are co-
expressed in human cells5. 
1. Klimasauskas, S., Kumar, S., Roberts, R. J. & Cheng, X. HhaI methyltransferase 

flips its target base out of the DNA helix. Cell 76, 357-69 (1994). 
2. Okano, M., Bell, D. W., Haber, D. A. & Li, E. DNA methyltransferases Dnmt3a 

and Dnmt3b are essential for de novo methylation and mammalian development. 
Cell 99, 247-57 (1999). 

3. Xu, G. L. et al. Chromosome instability and immunodeficiency syndrome caused 
by mutations in a DNA methyltransferase gene. Nature 402, 187-91 (1999). 

4. Kaneda, M. et al. Essential role for de novo DNA methyltransferase Dnmt3a in 
paternal and maternal imprinting. Nature 429, 900-3 (2004). 

5. Chedin, F., Lieber, M. R. & Hsieh, C. L. The DNA methyltransferase-like protein 
DNMT3L stimulates de novo methylation by Dnmt3a. Proc Natl Acad Sci U S A 
99, 16916-21 (2002). 



                         * * **                       **                    ** |-3a-3L-| 

                 630       640       650            660       670       680       690 

                   |         |         |              |         |         |         | 

mDnmt3a 623 PAEKRKPIRVLSLFDGIATGLLVLKDLGIQ-----VDRYIASEVCEDSITVGMVRHQGKIMYVGDVRSVTQKHIQEWG 

hDNMT3A 627 PAEKRKPIRVLSLFDGIATGLLVLKDLGIQ-----VDRYIASEVCEDSITVGMVRHQGKIMYVGDVRSVTQKHIQEWG 

mDnmt3b 574 PAAKRRPIRVLSLFDGIATGYLVLKELGIK-----VEKYIASEVCAESIAVGTVKHEGQIKYVNDVRKITKKNIEEWG 

hDNMT3B 568 PAARRRPIRVLSLFDGIATGYLVLKELGIK-----VGKYVASEVCEESIAVGTVKHEGNIKYVNDVRNITKKNIEEWG 

mDnmt3l 217 SAWKRQPVRVLSLFRNI---DKVLKSLGFLESGSGSGGGTLKYVE-------------------DVTNVVRRDVEKWG 

hDNMT3L 183 PVWRRQPVRVLSLFEDI---KKELTSLGFLESGS-DPG-QLKHVV-------------------DVTDTVRKDVEEWG 

                   |            |         |           |                            | 

                 190          200       210         220                          230 

 

                    |--active-site loop--|-----3a-3L-----|                  |--3a-3L--| 

              700   |   710       720    |  730       740       750       760       770 

                |   |     |         |    |  * |         |         |         |         | 

mDnmt3a 696 PFDLVIGGSPCNDLSIVNPARKGLYEGTGRLFFEFYRLLHDARPKEGDDRPFFWLFENVVAMGVSDKRDISRFLESNP 

hDNMT3A 700 PFDLVIGGSPCNDLSIVNPARKGLYEGTGRLFFEFYRLLHDARPKEGDDRPFFWLFENVVAMGVSDKRDISRFLESNP 

mDnmt3b 647 PFDLVIGGSPCNDLSNVNPARKGLYEGTGRLFFEFYHLLNYSRPKEGDNRPFFWMFENVVAMKVNDKKDISRFLACNP 

hDNMT3B 641 PFDLVIGGSPCNDLSNVNPARKGLYEGTGRLFFEFYHLLNYSRPKEGDDRPFFWMFENVVAMKVGDKRDISRFLECNP 

mDnmt3l 273 PFDLVYGSQPPLGSSCDRCP--------GWYMFQFHRILQYALPRQESQRPFFWIFMDNLLLTEDDQETTTRFLQTEA 

hDNMT3L 237 PFDLVYGATPPLGHTCDRPP--------SWYLFQFHRLLQYARPKPGSPGPFFWMFVDNLVLNKEDLDVASRFLEMEP 

               |         |                 |*        |         |         |         | 

             240       250               260       270       280       290       300 

 

                                            |----DNA-recognition Domain (3a-3a interface) 

                780       790       800     | 810       820       830       840       850 

                  |         |         |     |   |         |         |         |         | 

mDnmt3a 774 VMIDAKEVSAAHRARYFWGNLPGMNRPLASTVNDKLELQECLEHGRIAKFSKVRTITTRSNSIKQGKDQHFPVFMNE 

hDNMT3A 778 VMIDAKEVSAAHRARYFWGNLPGMNRPLASTVNDKLELQECLEHGRIAKFSKVRTITTRSNSIKQGKDQHFPVFMNE 

mDnmt3b 725 VMIDAIKVSAAHRARYFWGNLPGMNRPVMASKNDKLELQDCLEFSRTAKLKKVQTITTKSNSIRQGKNQLFPVVMNG 

hDNMT3B 719 VMIDAIKVSAAHRARYFWGNLPGMNRPVIASKNDKLELQDCLEYNRIAKLKKVQTITTKSNSIKQGKNQLFPVVMNG 

mDnmt3l 343 VTLQDVRGRDYQNAMRVWSNIPGLKSKHAPLT--------------------------------------------- 

hDNMT3L 307 VTIPDVHGGSLQNAVRVWSNIPAIRSRHWALV--------------------------------------------- 

               |         |         |  

             310       320       330 

 

            -------3a-3a interface-------|      * 

                   860       870       880       890       900 

                     |         |         |         |         | 

mDnmt3a 851 KEDILWCTEMERVFGFPVHYTDVSNMSRLARQRLLGRSWSVPVIRHLFAPLKEYFACE         908 

hDNMT3A 855 KEDILWCTEMERVFGFPVHYTDVSNMSRLARQRLLGRSWSVPVIRHLFAPLKEYFACE         912 

mDnmt3b 802 KDDVLWCTELERIFGFPAHYTDVSNMGRGARQKLLGRSWSVPVIRHLFAPLKDYFACE         859 

hDNMT3B 796 KEDVLWCTELERIFGFPVHYTDVSNMGRGARQKLLGRSWSVPVIRHLFAPLKDYFACE         853 

mDnmt3l 375 ------------------PKEEEYLQAQVRSRSKLDAPKVDLLVKNCLLPLREYFKYFSQNSLPL  421 

hDNMT3L 339 ------------------SEEELSLLAQNKQSSKLAAKWPTKLVKNCFLPLREYFKYFSTELTSSL 386 

                               |         |          |         |         | 

                             340       350        360       370       380 
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Figure S4. Structure-based sequence alignment of Dnmt3 family C-terminal 

domain. Amino acids highlighted are either invariant among the six proteins (white 

against black) or conserved in 4 or 5 out of 6 sequences (shaded). The secondary 

structural elements (strands 1-10 and helices A to H) are labeled. Residues involved in 

AdoHcy binding (with an asterisk), and regions involved in the 3a-3L and 3a-3a 

interfaces are marked. The ICF mutations in human DNMT3B are shown in red. Key 

residues are absent or mutated in Dnmt3L for AdoMet interaction, the active-site loop, 

and the DNA recognition domain. 
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Figure S5. DNA binding studies. a, Calibration of the EMSA data. The 146-base pair 

PCR product was incubated with the restriction enzyme R.EcoRV, which binds to the 

DNA as a dimer (2 x 27.5 kDa). In the absence of the divalent metal ions unspecific 

binding occurs, resulting in a ladder of different number of the R.EcoRV dimer molecules 

bound to the DNA6, 7. The calibration curve was obtained by plotting the retardation factor 

(Rf) of each R.EcoRV band against its corresponding molecular mass. Each point is an 

average of the retardation factors calculated from five independent gels and the errors 

were smaller than 4 %. The fit involved linear regression. Dnmt3L-C binds to the DNA 

forming one band which corresponds to one Dnmt3L-C bound to the DNA (black arrow) 

and a very weak high molecular weight complex (red arrow). These data are in 

agreement with a previous observation that Dnmt3L-C can directly bind to DNA weakly8
. 

b, Gel filtration analysis of DNA binding by Dnmt3a-C or Dnmt3a-C and Dnmt3L-C 

complexes. Experiments were carried out in 20 mM Hepes pH 7.2, 150 mM KCl, 10 % 

glycerol, 1 mM EDTA on Superdex 200 (GE Healthcare) run at 0.5 ml/min. High and low 

molecular weight standards (GE Healtchcare) were used for calibration. Dnmt3a-C and 

Dnmt3L-C were used in 1:1 ratio at concentrations of 30 µM. The loading volume was 50 

µl. The proteins were pre-incubated with oligonucleotides of 12, 20, 30 or 45 base pairs 

for 30 min at 1:1 ratio. The figure shows examples of gel filtration analyses. Elution 

fractions comprising 0.5 ml were collected and analysed after TCA precipitation by SDS 

PAGE stained with colloidal Coomassie. The positions of peak fractions are labelled with 

an asterisk. All runs were repeated at least three times and average results together with 

their standard deviations are summarized in the table. A linear regression of the complex 

sizes of Dnmt3a-C bound to the oligonucleotide substrates of different length is shown in 

the graph. The slope of the regression indicates that one Dnmt3a-C molecule binds 

approximately to 9 base pairs of DNA. 

6. Taylor, J. D., Badcoe, I. G., Clarke, A. R. & Halford, S. E. EcoRV restriction 

endonuclease binds all DNA sequences with equal affinity. Biochemistry 30, 

8743-53 (1991). 

7. Thielking, V. et al. Mg2+ confers DNA binding specificity to the EcoRV restriction 

endonuclease. Biochemistry 31, 3727-32 (1992). 

8. Gowher, H., Liebert, K., Hermann, A., Xu, G. & Jeltsch, A. Mechanism of 

stimulation of catalytic activity of Dnmt3A and Dnmt3B DNA-(cytosine-C5)-

methyltransferases by Dnmt3L. J Biol Chem 280, 13341-8 (2005). 
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Figure S6. Details on the analysis of the periodicity of Dnmt3a-C activity. a, The !-

phage DNA comprising 520 base pairs and 40 CpGs. b, the CpG island upstream of the 

human SUHW1 gene comprising 420 base pairs and 56 CpGs. The results of the 

bisulfite sequencing are shown in the left panel. Each clone is presented in one line. 

Each column represents one CpG site. Methylated CpG sites are shown as black 

squares, unmethylated sites as white squares. They were used to calculate the 

correlation of methylation activity graph shown in the right panel. Both individual data 

sets show a clear correlation peak at 8-10 bps. c, Analysis of correlation of methylation 

and correlation of absence of methylation. For both substrates, 10384 events of co-

methylation and 74158 events of co-unmethylation were observed. The separate 

analysis shows distinct peaks at 8-10 bps in both cases, although the statistical 

significance was highest if both data sets were analysed together as shown in Fig. 3. 
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Ten CpG islands randomly selected from chromosome 21

Gene # of C # of G # of CpG C+G CG CG observed/

 content (%) frequency expected

RBM11 290 275 56 56.5 0.06 0.70

CXADR 305 406 101 71.1 0.10 0.82

ATP5J 320 309 73 62.9 0.07 0.74

ADAMTS1 344 344 106 68.8 0.11 0.90

C21 orf 59 348 289 79 63.7 0.08 0.79

SYNJ1 385 334 99 71.9 0.10 0.77

C21 orf 55 261 316 60 57.7 0.06 0.73

SON 290 286 65 57.6 0.07 0.78

C21 orf 18 348 267 77 61.5 0.08 0.83

CBR1 284 330 71 61.4 0.07 0.76

Average 63.3

Averaged 12 primary maternally DMRs 55.0

Averaged 3 primary paternally DMRs 49.9         (Kobayashi et al., 2006) 

Whole mouse genome 41.7

Figure S7. Summary of sequence properties of ten CpG islands
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Figure S8. DMR sequence analysis - see File of Supplementary Sequences. a, 

Autocorrelation of peaks for three paternally-imprinted DMRs (H19, Dlk1-Gtl2, and 

Rasgrf1). Among them, only Rasgrf1 has a weak periodic pattern similar to maternally-

imprinted DMRs shown in Fig. 4a-b. b, Autocorrelation of peaks for two paternally-

imprinted retrotransposons (Line1 and IAP). The LINE1 sequence analyzed is the 

promoter region of a type A LINE-1 element from nucleotides 515–1,628 in GenBank 

accession no. M13002, and the IAP sequence is from nucleotides 260-900 of 

AB0998189. c, Secondary DMRs that establish their allelic methylation patterns after 

fertilization10: H19 DMR 1 (nucleotides 11,793-14,797 of U71085), Gtl2 promoter DMR 

(nucleotides 92,620-96,140 of AJ320506), and Igf2r promoter DMR (-1 kb to +2 kb from 

transcription start, nucleotides 150,599-147,600 of CT030636.13). Interestingly, and 

differently from that of three paternal DMRs (panel a) and the two retrotransposons 

(panel b), the secondary DMRs showed a strong periodicity at distances of 16-17 base 

pairs. The period is clearly different from what is seen with the primary DMRs (Fig. 4a-b) 

and cannot be explained by the Dnmt3a-Dnmt3L tetramer structure. We speculate that a 

different co-regulator or a different form of the 3a-3L complex might be responsible to 

direct the methylation to secondary DMRs. 

9. Bourc'his, D. & Bestor, T. H. Meiotic catastrophe and retrotransposon 

reactivation in male germ cells lacking Dnmt3L. Nature 431, 96-9 (2004). 

10. Lopes, S. et al. Epigenetic modifications in an imprinting cluster are controlled by 

a hierarchy of DMRs suggesting long-range chromatin interactions. Hum Mol 

Genet 12, 295-305 (2003). 
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Figure S9. Electron density map. a, Two views of an experimental Se-MAD phased 

electron density map (contoured at 1 !). For clarity, program PyMOL was used to show 

the area of un-modeled density. Short oligonucleotides (12-16 base pairs) were used in 

the crystallization mixture and were essential to obtain crystals reproducibly. Rod shaped 

extra electron density between the wings of the butterfly-shaped concave surface of the 

tetramer was observed, and we interpreted the DNA as being bound there. As the 

enzyme complex is inactive on short oligonucleotides (Supplementary Fig. S1d), the 

density might represent a mode of non-specific DNA binding. The inclusion of DNA 

molecules during refinement changed the values of R-factor and R-free very little, thus 

we removed DNA molecule - which guided our modelling shown in panel b - from the 

final refined model. b, Similar views (as in panel a) of the two short DNA molecules 

adopted from HhaI-DNA complex1 were superimposed partially onto the density. 

1. Klimasauskas, S., Kumar, S., Roberts, R. J. & Cheng, X. HhaI methyltransferase 

flips its target base out of the DNA helix. Cell 76, 357-69 (1994). 

 

 



Table T1. Crystallographic data and refinement statistics 

 Crystal 1 (selenium) Crystal 2 Crystal 3 
Data collection 
Space group R3 (hexagonal setting) 
Cell dimensions  

a=b, 
c (Å) 

401.7 
49.7 

403.1 
49.7 

403.1 
49.8 

401.9 
49.7 

399.9 
49.8 

 Peak Inflection Remote Native 
Wavelength (Å) 0.9792 0.9795 0.9719 1.0 
Resolution (Å) * 40-3.19 

(3.3-3.19) 
40-3.19 
(3.3-3.19) 

40-3.39 
(3.51-3.39) 

40-2.89 
(2.99-2.89) 

35-3.09 
(3.20-3.09) 

Rsym or Rmerge * 0.114 
(0.569) 

0.112 
(0.636) 

0.093 
(0.526) 

0.059 
(0.488) 

0.080 
(0.447) 

I/σI * 8.9 (2.6) 8.4 (1.5) 10.4 (2.8) 14.8 (1.8) 16.5 (2.3) 
Completeness (%) * 98.7 (92.8) 98.8 (89.8) 99.7 (98.4) 98.3 (92.1) 97.9 (88.1) 
Redundancy 6.3 5.5 6.5 3.2 11.7 
Observed 
reflections 

309,563 274,836 272,937 211,420 619,459 

Unique reflections 49,143 49,532 41,733 65,264 52,953 
Refinement 
Resolution (Å)    40-2.89 35-3.09 
Rwork / Rfree    0.257/0.290 0.242/0.290 
No. of atoms      

Protein    14,622 14,561 
Ligand (4 AdoHcy)    104 104 

Water    12 0 
B-factors (Å2)      

Protein (overall)    102.7 93.4 
Dnmt3a    70.4 64.0 
Dnmt3L    119.0 115.0 
AdoHcy    73.4 62.0 

R.m.s. deviations 
Bond lengths (Å)    0.019 0.009 

Bond angles (˚)    1.8 1.6 
Dihedrals (˚)    23.4 23.4 
Improper (˚)     1.1 0.98 

 
* Highest resolution shell is shown in parenthesis. 
 
 
 
 
 
 
 


